Active subcutaneous tag antennas were found to have advantages over passive devices in communication range, and in coping with nulls in the radiation patterns. 
I. INTRODUCTION
The development of new wireless technologies for healthcare applications has attracted a great deal of attention from both academic and industrial researchers, due to the need in the aging population in the occidental world and the associated rise of healthcare costs and demand on hospital resources [1] . Among them, radio-frequency identification (RFID) technology offers promising solutions in building wireless mobile healthcare services [2] , such as personnel locating and tracking.
Keeping track of people in hospitals is important for a number of reasons, including the need for security, the ability to manage emergency scenarios, and the efficient and prompt delivery of services.
Implanted RFID tags were used in the past for tagging animals; recent developments have opened up a new potential scenario, where RFID tags are implanted in the human body [3] . The use of implanted tags (rather than body-worn) reduces the risk of the tag being lost; in addition, it is invisible and ideal for noncooperative subjects.
In the past, low-frequency (LF) and high-frequency (HF) RFID systems were used for on-body and implanted applications. Although the signal is not strongly attenuated by the body in these frequency bands, these systems are limited by their short range and a very low data rate. In ultra-high-frequency (UHF) and microwave RFID systems, the signal is strongly attenuated inside the body tissues; however, longer operational ranges and higher data rates are achievable in such systems [4] .
Thanks to the fast developments in low-power electronics, it is now possible to utilize RFID with integrated sensing and signal processing capability [4] , [5] , in addition to more traditional tagging operations. The RFID implanted tag can be then used in conjunction with implanted sensors monitoring physiological parameters (blood pressure, temperature, heartbeat, etc.) in order to create a RFID-based personal (or body) area network (PAN and BAN, respectively).
In [6] , a global overview of implanted microsystems and their clinical application is presented; it is shown that, at the current stage, implanted devices can be almost everywhere inside the human body. To ensure adequate wireless connectivity of such implanted systems with external base stations (or other body-worn, or implanted, systems) is maintained, an accurate understanding of the radio propagation channel, including the effect of the antenna, is urgently needed [7] - [11] .
There are, of course, other challenges that must be addressed, including power consumption and supply, biocompatible packaging (in [10] , the effect of the packaging on the impedance matching of an implanted antenna was analyzed), and data security (see, for example, the discussions in [12] ); however, these are outside the scope of this work.
Although antennas have been widely used in RF systems, the antenna efficiency, radiation pattern, and input impedance will suffer when surrounded in a lossy environment, such as the human body [13] . In this paper, the challenges faced in antenna design for implanted applications are examined through the study of a miniaturized meandered planar inverted-F antenna (PIFA) deployed as a subcutaneous tag antenna [9] . Simulations were performed using a three-layer digital phantom and validated with measurements. In addition, an investigation into the propagation characteristics was performed, examining the radio channel between an implanted RFID tag and an offbody reader, and including the effect of the indoor environment. To the authors' knowledge, this is the first time that implantable RFIDs and associated radio channels are systematically analyzed and experimentally studied.
II. SUBCUTANEOUS IMPLANTABLE ANTENNA
The challenge of designing an antenna for implantable RFID tags lies in understanding the impact of lossy human tissues and the tradeoffs between size, types of antenna, efficiency, and safety.
It is also essential to study the long-term exposure of the antenna to the biological environment. The implanted antenna must be biocompatible over the long term, and the choice of the biocompatible material used to load the antenna and the surrounding tissues is critical in the design of implantable RFID antennas. The antenna has been analyzed by considering a simplified three-layer tissue model similar to the one considered in [9] . Such a phantom is composed of a layer of skin (" r ¼ 41.6, ¼ 0.85 S/m at 868 MHz), a layer of fat (" r ¼ 5.5, ¼ 0.05 S/m at 868 MHz) and a layer of muscle tissues (" r ¼ 55.1, ¼ 0. 93 S/m at 868 MHz). The thicknesses of the skin, fat, and muscle layers have been set to 2, 10, and 25 mm, respectively; these have been chosen to be similar to average human body tissues and are sufficient to investigate the impedance-matching and maximum gain (directed outside the phantom) parameters. The antenna has been placed 3 mm inside the fat layer, at a depth of 5 mm.
A. Antenna Geometry Fig. 1(a) shows the geometry of the meandered PIFA antenna considered in the present work. The radiating element is covered by a biocompatible superstrate of dielectric constant " r ¼ 10.2 and thickness of 1.25 mm, as seen in Fig. 1(b) . The implantable antenna has been optimized to operate at 868 MHz, when placed inside tissue layers.
When designing an RFID tag antenna, the designer must match the antenna input impedance to the highly capacitive impedance of the chip; in [4] , the design of a set of wearable tag antennas has been proposed. To maximize the transferred power, such antennas present a highly reactive input impedance; however, it is shown that the chip impedance strongly varies from manufacturer to manufacturer; furthermore, it is impossible to have a single design optimized for every chip. The aim of this work is numerical and experimental characterization of implanted RFID antennas; therefore, the input impedance has been matched to 50 , without a loss of generality.
The following simulation results have been obtained using CST Microwave Studio. The implanted depth is set to 5 mm, and the simulated peak gain is found to be À16 dB. The effect of the different tissue thicknesses has been investigated. Fig. 2 (a) and (b) shows the return loss of the antenna for different thicknesses of skin tissue and fat tissue, respectively. The depth of the implanted antenna remains constant (5 mm from the top of the skin layer). It is found that the antenna impedance mismatch is weakly dependent on the tissues' thicknesses and good impedance matching (at 868 MHz) is seen for all fat and skin thicknesses simulated. Note that, for implant depths greater than 9 mm and smaller than 5 mm, the antenna should have been rematched for optimum performance.
III. THREE-LAYER PHANTOM FABRICATION AND MEASUREMENTS
In order to validate the simulations, the implanted antenna optimized for 868 MHz has been fabricated and embedded inside dispersive phantom materials. As the electrical properties found in the human body vary greatly with frequency, it is difficult to find ready-made materials with equivalent properties. Various recipes for tissueequivalent dielectric liquids have been proposed, based on the values of the dielectric characteristics of the biological tissues [8] , [14] .
Phantom models representative of skin, fat, and muscle layers have been fabricated, in order to simulate the tissue properties at 868 MHz. The compositions of the fabricated phantoms are listed in Table 1 . The fabrication of a gelmimicking phantom is necessary in order to realize a three-layer phantom t. For this purpose, 10 g of gelatine is also added into 100 ml of deionized water for the skin and muscle phantoms.
The measured relative permittivities and conductivities of the fabricated phantoms are listed in Table 2 and compared to their expected values [15] . Fig. 3 shows the antenna implanted inside the fabricated three-layer phantom. Fig. 4 shows the measured return loss of the fabricated antenna embedded inside the three-layer phantom; the antenna is well matched at the frequency of interest. The ðx-zÞ-plane far-field radiation pattern of the fabricated antenna, implanted inside the phantom tissues, has been measured at 868 MHz; it is plotted in Fig. 5 . The peak gain of the implanted antenna is À17 dB at 868 MHz.
IV. PROPAGATION BETWEEN AN IMPLANTED RFID TAG AND AN OFF-BODY READER
Characterizing the radio propagation between the tag and the reader is an important step in understanding the operational range of implanted UHF-RFID systems. The complexity of human body tissues, the shape of the body, and the human-subject-specific behavior of implanted [15] antennas make it difficult to derive simple propagation models.
For the case of propagation between an implanted transmitter and an off-body receiver, the communication is within the far-field region and the received power can be calculated using [16] 
where P t is the transmitted power, G t is the gain of the implanted antenna, G r is the gain of the receiving antenna, and PL is the path loss of the communication link. In this case, the gains of transmitter and receiver and the path loss of the radio channel are three independent variables; it is possible to find their product [or sum the log-magnitudes, as in (1)] to obtain the received power.
As highlighted in Section III, the value of G t is angle dependent. The path loss of the radio channel is strongly dependent on the scenario considered. For propagation within a short range and in the absence of obstacles, the radio propagation can be approximated by free-space conditions and the path loss can be calculated with the Friis formula PL½dB ¼ 20 log 10 4d (2) where is the free-space wavelength, and d is the distance between transmitter and receiver. Due to reflections, diffraction, and scattering of electromagnetic waves in the indoor environment, the transmitted signal reaches the receiver via more than one path. The path loss will, therefore, no longer have a d 2 variation. The most common path-loss model for indoor environment is the log-distance model [17] 
where is the shadowing factor and d 0 is a reference distance, chosen to be 1 m. PLðd 0 Þ is the path loss value at the distance d 0 and is assumed to be equal to the free-space path loss. This assumption is justified from the fact that, at 1-m distance, free space and indoor path loss have approximately the same value. The parameter n (known as the path loss exponent) indicates how fast the received power decays with distance (n ¼ 2 in free space). Its value is usually obtained through Sani
Values less than two were found for corridors and inroom propagation with line-of-sight (LOS) between transmitter and receiver; for densely furnished rooms, where the propagation includes non-line-of-sight (NLOS) and diffraction, values for the path-loss exponent were found to be around n ¼ 3, or even higher. A set of measurements were performed in the bodycentric wireless lab at Queen Mary, University of London, London, U.K. (the layout of the lab can be found in [18] ) to characterize the propagation within a room for LOS between transmitter and receiver; the path loss exponent was found to be n ¼ 1:3. Several propagation scenarios were considered in this work, and they are listed in Table 3 .
A. Radio Propagation of Passive RFID System
In passive and semipassive (i.e., where the tag is powered for other functions, but acts as a passive tag for communications) systems, the tag needs to be powered from the reader. The most important system parameter is the maximum distance at which the RFID reader can detect the tag. This range is defined with respect to a certain read/ write rate (percentage of successful reads/writes) [16] .
In passive RFID systems, the tag receives energy from the reader's interrogation signal and it responds by sending a modulated signal. The reading range can be limited by the power required for activation of the tag, or by the sensitivity of the reader. The typical range of the reader sensitivity is between À60 and À90 dBm (a value of À80 dBm was considered in this paper), while the tag sensitivity ranges from À10 to À15 dBm, depending on tag chip vendors [20] .
The reader illuminates the tag and some power is backscattered by the tag, dependent on the radar cross section (RCS) of the tag [21] , [22] . Considering a freespace propagation model (justified from the short range of passive implanted RFID systems), the power backscattered by the tag and received by the reader can be calculated as
where k indicates the mismatch between tag chip and antenna. For this work, the antenna has been matched to the 50-impedance of the coaxial cable used in the measurements. If the antenna is connected to a real chip, k assumes values ranging from 0.1 to 0.5, depending on chip vendors. The design can be modified in order to achieve an inductive input impedance [4] and improve the mismatch factor, but this is outside the scope of this work; thus, only an ideal case ðk ¼ 1Þ was considered. The power received by the tag can be calculated as
The European Telecommunications Standards Institute (ETSI) stated that the maximum allowable effective radiated power (ERP) from the reader is 2 W, or
Fig . 6 shows the power backscattered and received from the tag. The solid line is the best case scenario, which means that the RFID reader is in the direction of maximum gain of the implanted antenna, while the dashed line indicates the case where the reader is in direction of minimum radiation. As explained in the introduction, the radiation pattern of body-worn and implanted antennas is strongly modified by the presence of the human body and presents a significant front-to-back ratio.
The maximum distance is low (1.3 m in the best case scenario) and it is limited by the power of activation of the tag [ Fig. 6(b) ]. RFID systems of this type could be used to activate an implanted sensor (assuming continuous monitoring is not needed) with a portable reader and retrieve real-time information with a high data rate. Observing the very limited range in the worst case scenario (dashed line), it is possible to conclude that a single-tag-single-reader system is not an optimum solution. The adoption of a double-reader or a double-tag (e.g., one on each upper arm) system would overcome the poor radiation towards the body. A passive system of this type could be used, for example, for monitoring people entering or exiting a room; in this case, information about the subject entering the room could be quickly transferred to the reader. The advantage of a double-tag system would be cost: tags are intended to be cheap, even disposable, whereas readers are intended for longer term use. However, a double-tag systems will only work if both tags are kept up to date with the same information, increasing system complexity; in addition, there may be greater objections by subjects to having more than one tag implanted. Thus, it is expected that double-reader systems will be more common in the future; research will focus on optimizing such systems, including the position of the tag in the body (from a system perspective, not merely the electromagnetic performance).
B. Radio Propagation of Active RFID Systems
Active RFID tags are self-powered and do not need to be in the range of the reader to be activated. They are used for long-range communications, but they are more expensive and, in general, bigger than passive tags. For implanted applications, the safety of the subject needs to be considered, and it has to be guaranteed that the specific absorption rate (SAR) is not greater than 2 W Á kg À1 . The SAR has been calculated as a function of the power supplied to the antenna (applying an averaging mass of 10 g). The maximum input power for the tag antenna is around 20 mW (13 dBm).
The power received from the reader is calculated adopting (1). As we are considering a longer distance than in the passive case, the effect of the surrounding environment must be considered. The path loss is thus calculated with the log-distance model (3), as explained above.
As shown in Fig. 7 , communication through different floors is impossible, because the power decays very rapidly; however, for propagation within the same floor, a communication range of 20 m is achievable with an input power of 0 dBm. A greater range (40 m) could be achieved applying a power of 10 dBm.
This system could be used for noncontinuous operations. For example, if a patient has an implanted sensor and a critical status is revealed, an alarm can be generated and sent to the reader. Fig. 8 shows results for the power received by the reader in various scenarios. It is clear that it is possible to cover a range of 10 m, for indoor propagation within our laboratory, with LOS between transmitter and receiver and a low transmit power (À20 dBm). These results show the feasibility of active implanted RFID for localization and tracking purposes. In these calculations, the maximum gain value has been used. In multipath propagation scenarios, the system is less affected by the nulls in the tag antenna radiation pattern; however, a solution using two readers on opposite sides of the room (or the floor) increases the useful range. These active systems could be used for security purposes; for example, if the reader does not receive the signal from the tag, it means that the subject is no longer present in the observed region (i.e., the room or the floor). There are implications regarding the security of both the data transferred and the overall system that must be addressed in a system using active tags in this manner; these are, however, outside the scope of this work.
Power considerations, and the implications on the lifetime of the tag, are beyond the scope of this work, due to the restrictions on space and number of variables involved. These include factors relating to the choice of cell (e.g., whether primary or secondary, terminal voltage, current rating [mAh], and physical size) or other power source, as well as usage statistics (e.g., average time spent in range of reader, mean number of tags in range) and other technical considerations (e.g., duty cycle for transmissions, power consumption during receive mode, time spent in lowpower states). The reader is referred to the literature for more information.
V. CONCLUSION
RFID is a growing technology with the potential for reducing medical errors and improving the quality of healthcare in hospitals. The benefits include more secure and safe access in the healthcare environment, with the possibility, for example, to track patients, personnel and equipment, as well as to identify patients and their medications, reducing the risk of error in treatment.
In this paper, we presented an overview of the challenges faced in antenna design, electromagnetic modeling, and wave propagation, for the applications of RFID implants. The performance of a UHF subcutaneous tag antenna was investigated numerically and validated with measurements results. Furthermore, the wave propagation between off-body reader and implanted tag was analyzed in free space and in a scattered environment. Results demonstrated that, due to the body losses, the electrically small size of the antenna, and the directional radiation pattern, a passive tag solution allows a very limited communication range. If the tag is powered (active tag) with a limited power (À20 dBm), a maximum communication range of 10 m was calculated for propagation within a room. h 
